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Abstract 

A  cross-linked  polyurethane  acrylate  (PUA)  is  synthesized  by  end-capping  a  hexamethylene  diisocyanate,  hexamethylene  diiso- 
cyanate/poly(ethylene  glycol)-based  prepolymer  with  hydroxy  butyl  methacrylate  (HBMA).  Significant  interactions  of  lithium  ions  with  the 
soft  and  hard  segments  of  the  host  polymer  are  observed  for  the  PUA  complexed  with  lithium  perchlorate  (LiClOU  by  means  of  differential  scan¬ 
ning  calorimetry  (DSC),  and  Fourier  transform  infra-red  (FT-IR)  spectroscopy  measurements.  The  DSC  results  indicate  the  formation  of  transient 
cross-links  with  the  ether  oxygen  of  the  soft  segment  and  mixing  of  soft  and  hard  phases  induced  by  the  Li+  ions.  The  results  of  FT-IR  spectroscopy 
and  thermogravimetric  analysis  measurements  support  the  formation  of  different  types  of  complexes  by  interaction  of  Li+  ions  with  different 
coordination  sites  of  PUA.  No  detectable  interactions  are  found  between  Li+  ions  and  groups  in  HBMA.  In  addition,  PUA  follows  the  Arrhenius 
relationship  for  ion  transport.  Predominant  formation  of  contact  ion-pairs  of  LiCICh  is  observed  through  a.c.  conductivity  and  DSC  measurements. 
The  lithium  stripping-plating  process  is  reversible  and  this  implies  better  electrochemical  stability  over  the  working  voltage  range.  Also,  the  PUA 
electrolyte  shows  better  compatibility  with  lithium  metal  as  inferred  from  impedance  measurements  and  has  a  good  cationic  transference  number 
that  is  suitable  for  the  material  to  be  used  as  a  solid  polymer  electrolyte.  Addition  of  HBMA  into  the  PU  matrix  improves  the  tensile  strength  of 
the  cross-linked  PUA.  Swelling  measurements  of  PUA  with  plasticizer  indicate  better  dimensional  stability.  A  cell  is  constructed  with  PUA  as  the 
electrolyte  and  its  performance  is  evaluated. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Polymer  electrolytes  have  been  widely  studied  due  to  their 
applicability  for  a  variety  of  solid-state  and  electrochemical 
device  applications  including  batteries,  fuel  cells,  supercapaci¬ 
tors,  electrochromic  devices,  and  chemical  sensors  [  1 — 4].  After 
a  successful  technical  feasibility  conducted  by  Armand  et  al.  [5], 
polymer  electrolytes  started  to  play  an  important  role  in  devel¬ 
oping  new  types  of  rechargeable  lithium  or  lithium-ion  batteries 
[6,7].  Today,  special  interest  is  focused  on  polymer  electrolytes 
that  have  high  performance  at  ambient  and  sub-ambient  temper¬ 
atures. 
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It  has  been  found  that  polymer  electrolytes  based  on  host 
polymer  matrices  that  have  oxyethylene  chains  yield  higher  ionic 
conductivities  only  at  elevated  temperatures  [8,9].  The  semi¬ 
crystalline  character  and  the  high  glass  transition  temperature 
are  the  reasons  for  the  low  conductivity  at  ambient  temperature. 
On  the  other  hand,  gel  polymer  electrolytes  (GPE)  based  on 
polyacrylonitrile  [10,11],  poly(vinylidene  fluoride)  [1,12]  and 
poly  (methyl  methacrylate)  [13,14]  display  higher  ionic  conduc¬ 
tivity  in  the  order  of  mS  cm-1  at  room  temperature. 

Recent  reports  [15-19]  have  documented  that  polyurethane 
(PU)-based  polymers  can  be  used  as  a  polymer  electrolyte  for 
rechargeable  lithium-ion  batteries.  The  interest  in  using  PU  as 
a  matrix  for  polymer  electrolytes  is  related  to  the  possibility  of 
increasing  the  mechanical  strength  of  linear  poly  ethers.  Further¬ 
more,  the  low  glass  transition  temperature  (Tg)  and  hence  higher 
segmental  motion  of  the  polyether  soft  segments  leads  to  higher 
mobility  of  the  dissolved  ions.  The  hard  segment  domains,  which 
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are  in  the  glassy  state  and  either  distributed  or  interconnected 
throughout  the  rubbery  phase  of  the  soft  segment,  act  as  rein¬ 
forcing  filler  and  hence  contribute  to  the  dimensional  stability 
of  the  polymer  electrolyte. 

It  can  be  concluded  from  earlier  reports  [15-19]  thatPU-type 
polymer  electrolytes  with  -(CH2-CH2-O)-  units  display  better 
conductivity  compared  with  other  analogues.  Nevertheless,  the 
dimensional  stability  of  the  electrolyte  must  be  still  improved 
for  these  materials  to  become  practically  viable.  Cross-linking 
of  some  of  the  units  as  side  chains  is  one  of  the  various  ways 
to  improve  the  mechanical  properties  of  a  given  polymer  [20]. 
The  cross-linked  polymer  has  better  phase-separation  of  the 
hard  and  soft  segments.  The  mechanical  properties  of  a  well 
phase-separated  material  are  superior  to  those  of  a  poorly  phase- 
separated  material. 

Systematic  studies  of  urethane  acrylate  UV-curable  materials 
were  carried  out  by  Copper  and  co-workers  [21].  Kim  et  al. 
[20]  have  studied  the  electrochemical  and  electrical  properties 
of  a  PUA-LiCF3S03  system  by  means  of  a.c.  impedance 
spectroscopy.  Sun  et  al.  [22]  reported  the  mechanical  properties 
of  urethane  cross-linked  poly(ethylene  oxide-co-propylene 
oxide)  glycerol  ether-plasticizer  (tetraethylene  glycol  dimethyl 
ether,  or  methyl  formamide)  salt-LiC104-based  polymer 
electrolytes.  They  found  that  the  elastic  modulus  and  ten¬ 
sile  strength  of  the  materials  unexpectedly  decreased  with 
increasing  salt  concentration.  This  may  be  due  to  the  predom¬ 
inance  of  intra-molecular  coordination  of  the  Li+  ions  by  the 
polymer. 

A  cross-linked  polyurethane  acrylate  (PUA)  end-caped  with 
hydroxy  ethyl  acrylate  (HE A)  has  been  reported  [23].  The 
interactions  of  lithium  ions  with  the  soft  and  hard  segments 
of  the  host  PUA  polymer  were  observed  by  means  of  differ¬ 
ential  scanning  calorimetry  (DSC),  FT-IR  spectroscopy  and 
7Li  MAS  NMR  spectroscopy.  A  series  of  cross-linked  PUAs 
were  synthesized  using  4,4' -methylene  bis(phenyl  isocyanate), 
poly(ethylene  glycol)  (PEG)  hydroxyl  methacrylate  and  dif¬ 
ferent  reactive  vinyl  and  divinyl  diluents  [24] .  The  elec¬ 
trolytes  were  prepared  by  UV  radiation  induced  cross-linking 
of  the  PUA-diluent  mixture.  Depending  upon  the  composi¬ 
tion,  these  electrolytes  exhibited  a  wide  range  of  mechanical 
and  electrical  properties  and  showed  good  compatibility  with  Li 
electrodes. 

In  the  present  study,  polyurethane  containing  -(CH2- 
CH2-O)-  units  have  been  cross-linked  by  reacting  the  end 
groups  of  the  PU  prepolymer  with  hydroxy  butyl  methacrylate 
(HBMA)  and  subsequently  polymerized.  Typically,  a  cross- 
linked  polyurethane  acrylate  (PUA)  is  synthesized  by  end¬ 
capping  a  hexamethylene  diisocyanate,  hexamethylene  diiso¬ 
cyanate  (HDI)/PEG-based  prepolymer  with  hydroxy  butyl 
methacrylate  (HBMA)  followed  by  thermal  cross-linking.  Sys¬ 
tematic  characterization  studies  of  the  cross-linked  PUA  in  the 
presence  of  LiCKU  are  made  with  DSC,  FT-IR  spectroscopy  and 
a.c.  impedance  measurements  to  examine  the  phase  transitions, 
interaction  of  Li+  ions  with  segments  of  PUA,  and  conductiv¬ 
ity  in  the  cross-linked  environment  of  PU.  The  electrochemical 
characteristics  and  applicability  of  the  PUA  as  a  solid  electrolyte 
for  rechargeable  lithium  batteries  are  also  investigated. 


2.  Experimental 

2.1.  Materials 

Poly(ethylene  glycol)  (PEG;  molecular  weight  400;  E. 
Merck)  was  dehydrated  under  reduced  pressure  at  80  °C 
for  24  h  before  use.  Hexamethylene  diisocyanate  (HDI),  1,4- 
buatane  diol,  hydroxybutyl  methacrylate  (HBMA)  (Aldrich), 
l,F-azobis(cyclohexane  carbonitrile)  (Aldrich)  and  the  com¬ 
mercial  battery  electrolyte,  LP-20  (Merck)  were  used  as- 
received.  LiC104  (Aldrich)  was  dehydrated  at  120°C  under 
reduced  pressure  for  72  h.  All  the  other  reagents  and  chemicals 
were  used  without  further  purification. 

2.2.  Synthesis  of  PUA 

Polyurethane  acrylate  was  synthesized  by  a  two-step  addi¬ 
tion  process,  in  which  the  prepolymer  was  made  by  reaction  of 
excess  of  HDI  with  PEG  and  then  the  end  NCO  groups  were 
capped  by  reaction  with  HBMA.  The  prepolymer  was  made 
by  allowing  a  mixture  of  HDI  and  PEG  to  react  at  85  °C  for 
6h  with  constant  stirring  under  a  dry  nitrogen  blanket.  After 
completion  of  the  prepolymer  formation  (confirmed  by  esti¬ 
mation  of  NCO  groups  by  the  di-butyl  amine  back  titration 
method),  dimethyl  formamide  (DMF)  was  added  to  dissolve 
the  prepolymer.  The  temperature  of  the  mass  was  reduced  to 
60  °C  and  then  the  required  amount  of  HBMA  was  slowly  added 
to  the  reaction  mixture.  The  reaction  was  allowed  to  continue 
for  2h  and  then  was  terminated  by  the  addition  of  2  ml  of 
methanol.  The  molar  ratio  of  HDI,  PEG  and  HBMA  for  this 
PUA  was  2:1:2.  The  structure  of  the  synthesized  PUA  is  shown 
in  Scheme  1 . 

2.3.  Preparation  of  polymer  electrolytes 

Solid  polymer  electrolytes  (SPE)  were  prepared  by  mixing 
various  concentrations  of  LiC104  in  DMF  with  a  PUA  solution 
in  DMF.  l,F-Azobis(cyclohexane  carbonitrile)  was  also  mixed 
with  the  PUA  for  thermal  cross-linking  through  the  acrylate  end 
groups.  After  homogeneous  mixing,  the  solution  was  cast  into 
Teflon  plates.  Solvent  removal  and  simultaneous  cross-linking 
were  done  at  80  °C  under  reduced  pressure  for  72  h.  The  films 
were  kept  inside  a  glove  box  prior  to  experiment.  An  undoped 
film  was  also  prepared  in  the  same  way  (but  with  no  LiC104) 
for  swelling  study  in  the  liquid  electrolyte  LP-20. 

2.4.  Differential  scanning  calorimetry 

The  DSC  experiments  were  carried  out  using  a  DSC  2010  dif¬ 
ferential  scanning  calorimeter  (TA  Instruments,  USA)  over  the 
temperature  range  — 150  to  150°Cata  scan  rate  of  1 0  0  C  min- 1 . 
The  dry  samples  were  sealed  in  Al  crucibles  inside  a  glove  box. 
The  sealed  samples  were  removed  from  the  glove  box  imme¬ 
diately  before  the  DSC  experiments.  The  samples  were  first 
annealed  at  150  °C  for  10  min,  cooled  to  — 150  °C,  and  then 
scanned.  All  the  thermograms  were  base-line  corrected  and  cal¬ 
ibrated  against  Indium  metal.  The  glass  transition  temperature 
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Scheme  1 .  Schematic  representation  of  synthesis  of  PUA. 


( Tg )  is  reported  as  the  midpoint  of  the  transition  process  and  the 
melting  temperature  is  the  peak  temperature. 

2.5.  Fourier  transform  infra-red  spectroscopy 

FT-IR  spectra  were  taken  at  ambient  temperature  using  a 
Perkin-Elmer  Rxl  instrument  with  a  wave  number  resolution 
of  4  cm- 1 .  Samples  for  FT-IR  analysis  were  made  by  casting 
the  polymer-salt  mixture  directly  on  to  KBr  pellets  and  then 
simultaneously  drying  them  at  120  °C  for  48  h.  About  125  scans 
were  signal  averaged  to  increase  the  s/n  ratio.  Data  processing 
was  performed  by  Grams  386  software  (Galactic  Industries  Cor¬ 
poration). 

2.6.  AC  impedance  measurements 

Impedance  measurements  of  the  polymer  electrolytes 
were  performed  using  thin  films  made  by  casting  from 


solution  and  drying.  Film  thicknesses  were  maintained  in 
the  range  250-350  p.m  and  the  area  of  contact  was  1.0  cm2. 
For  measurement  of  ionic  conductivity,  the  samples  were 
sandwiched  between  two  stainless-steel  (SS)  electrodes.  Cell 
assembly  was  carried  out  in  dry  argon  atmosphere  inside 
a  glove  box.  Conductivity  measurements  were  performed 
using  a  EG  &  G  PAR  6310  Potentiostat/Galvanostat  con¬ 
trolled  by  frequency  response  analysis  under  an  oscillation 
potential  of  10  mV.  The  conductivity  was  calculated  from  the 
relation: 


where  /*j,  is  the  bulk  resistance  obtained  from  the  alternating 
current  impedance,  X  the  film  thickness,  and  A  is  the  surface 
area  of  the  electrode. 
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2. 7.  Cyclic  voltammetry  and  linear  sweep  voltammetry 

Cyclic  voltammetry  (CV)  and  linear  sweep  voltammetry 
(LSV)  were  performed  with  a  cell  made  by  using  stainless  steel 
(SS  304)  as  a  working  electrode  and  Li  metal  as  a  counter  as  well 
as  a  reference  electrode.  The  CV  experiments  were  performed 
in  the  potential  range  of  —0.5  to  4.0  V  (versus  Li).  For  LSV,  the 
potential  of  the  working  electrode  was  varied  from  2.0  to  6.0  V 
(versus  Li).  A  sweep  rate  of  5  mV  s-1  was  used  in  both  cases. 
Electrochemical  measurements  were  made  using  a  Bio  Analyt¬ 
ical  System  100  B  (BAS  100BW)  Electrochemical  Analyzer. 

2.8.  d.c.  Polarization  measurement 

A  d.c.  polarization  cell  was  constructed  by  sandwiching 
the  electrolyte  film  between  symmetrical  lithium  metal  elec¬ 
trodes.  A  small  constant  potential  difference  of  about  10  mV 
was  applied  across  a  symmetric  cell  and  the  current  was  mea¬ 
sured  as  a  function  of  time  until  it  reached  a  constant  value.  By 
considering  the  potential  drop  in  the  surface  layers  on  the  elec¬ 
trode,  the  cation  transport  number  t+  was  determined  by  using 
the  relation  [25]: 

7SS(AV-  hRi) 

t+  =  — - —  (2) 

7i(AV  —  ISSRSS) 

where  /,  and  7SS  are  the  initial  and  steady-state  currents,  A’,  and 
Rss  are  the  initial  and  steady-state  resistance  of  the  passivating 
layers,  and  A  Vis  the  applied  potential.  The  impedance  spectra 
were  recorded  before  and  after  the  current  relaxation  measure¬ 
ment  without  interruption  of  the  d.c.  bias,  to  permit  R\  and  7?ss 
to  be  evaluated. 

2.9.  Thermogravimetric  analysis 

Thermogravimetric  analyses  (TGA)  of  the  prepared  polymer 
electrolyte  samples  were  performed  under  nitrogen  atmosphere 
using  a  Perkin-Elmer  TGA  7/DX  Thermal  Analyzer  with  a  scan 
rate  of  20°Cmin-1. 

2.10.  Mechanical  strength 

Tensile  strength  was  measured  at  room  temperature  by  means 
of  a  Universal  tensile  machine  (Instron  model  5565,  Lloyd)  at  a 
full-out  velocity  of  50  mm  min- 1 .  The  polymer  electrolyte  sam¬ 
ple  thickness  was  100  |xm.  Measurements  were  performed  five 
times  for  each  sample,  and  the  average  value  was  calculated. 

2.11.  Charge-discharge  cycling  tests 

LiCo02  and  Li  were  employed  as  the  cathode  and  the  anode, 
respectively.  The  area  of  both  electrodes  was  fixed  as  2.0  cm2. 
Li/PE/LiCo02  laminated  cells  were  assembled  by  pressing  Li, 
PE  and  LiCo02,  which  were  sealed  by  a  polyethylene  film  and 
laminated  by  an  aluminium  foil.  The  charge-discharge  cycling 
tests  of  the  laminated  cell  electrolyte  were  conducted  under  gal- 
vanostatic  conditions  in  a  dry  argon  atmosphere. 


Table  1 

DSC  data  for  PUA  with  different  LiClQ4  concentration 


Film 

Tg  SS  (°C) 

ATg/AC  (°CmM_1  g-1) 

Tg  HS  (°C) 

Tm  (°C) 

0 

-60.0 

- 

+79.8 

42 

a 

-58.4 

19.5 

+75.6 

- 

b 

-49.2 

22.6 

+70.0 

- 

c 

-30.6 

28.0 

+60.4 

- 

d 

-20.0 

32.2 

+48.2 

- 

e 

-14.9 

27.6 

+73.0 

- 

f 

-12.1 

25.0 

+79.1 

- 

Film  of  PUA  doped  with  different  concentration  of  LiC104:  (0)  PUA, 
(a)  O.lOmMg"1  PUA,  (b)  O.lSmMg'1  PUA,  (c)  0.20raMg-‘  PUA,  (d) 
0.40 mM g-1  PUA,  (e)  0.50  mMg-1  PUA  and  (f)  0.75 mM g-1  PUA. 


3.  Results  and  discussion 

3.1.  Differential  scanning  calorimeter 

The  effect  of  LiC104  on  the  morphology-based  thermal  tran¬ 
sitions  of  PUA,  as  well  as  the  poly  ether  soft  segment  Tg, 
were  examined  by  DSC.  Table  1  presents  the  DSC  results  of 
the  undoped  and  LiC104  doped  cross-linked  PUA.  The  parent 
undoped  PUA  shows  a  crystalline  endothermic  peak  at  42  °C  and 
a  low-temperature  endothermic  transition  at  — 60  °C.  These  two 
transitions  correspond  to  the  melting  of  the  crystalline  region 
(Tm)  and  the  liquid-glass  transition  of  the  amorphous  region  of 
PEG  in  the  soft  segment  ( Tg  SS).  The  Tg  of  the  polyether  (PEG- 
400)  used  in  this  study  was  noted  at  —  56  °C.  As  can  be  seen 
from  Fig.  1(A),  the  variation  of  the  soft  segment  Tg  increases  as 
a  function  of  salt  concentration.  This  is  consistent  with  previ¬ 
ous  investigations  on  LiC104  doped  TPU  having  PEG  [26,27]  or 
PPO  [28,29]  as  the  soft  segment.  The  PEG  soft  segment  partially 
arrests  the  local  motion  of  the  polymer  segments  through  the  for¬ 
mation  of  transient  cross-links  which  result  in  an  increase  in  the 
soft  segment  Tg.  Also,  stiffening  of  the  polyether  chains  due  to 
the  ion-dipole  interaction  between  Li+  ions  and  the  polyether 
oxygen  is  expected. 

By  normalizing  the  Tg  data  with  respect  to  salt  concentra¬ 
tion,  ATg/AC  was  calculated  and  a  non-linear  increase  in  Tg 
could  be  observed  with  increase  in  concentration.  The  ATg/AC 
value  reaches  a  maximum  at  [LiC104]  0.40  mMg-1  PUA  and 
thereafter  shows  a  decreasing  trend  (Table  1  and  Fig.  1(B)). 
This  may  probably  be  due  to  the  plasticizing  effect  created  by 
the  formation  of  charge-neutral  contact  ion-pairs  with  increas¬ 
ing  salt  concentration  [30].  The  neutral  contact  ion-pairs  lack 
the  ability  to  form  cross-links,  and  hence  cannot  increase  the 
Tg.  Conductivity  measurements  also  predict  ion-pair  forma¬ 
tion  beyond  [LiC104]  0.40 mMg-1  PUA.  This  is  discussed 
below. 

The  second  thermal  event,  at  approximately  70  °C  for  the  pure 
polymer,  may  be  attributed  to  an  endothermic  process  for  the 
aliphatic  hard  segment  (HS).  Addition  of  salt  results  in  changes 
in  the  Tg  of  HS,  but  without  displaying  any  trend  with  salt  con¬ 
centration.  This  endotherm  was  initially  interpreted  as  being 
associated  with  hydrogen  bond  dissociation,  but  was  discussed 
later  in  terms  of  morphological  behaviour  [31-33].  It  has  been 
proposed  that  this  might  be  due  to  the  loss  of  order  close  to 


P.  Santhosh  et  al.  /  Journal  of  Power  Sources  160  (2006)  609-620 


613 


-200  -100  0  100  200 
Temperature  (°C) 


Fig.  1 .  (A)  DSC  thermograms  of  PUA  doped  with  various  LiCKAt  concentra- 
tions.  (a)  O.lOmMg"1  PUA,  (b)  0.15  mMg"1  PUA,  (c)  0.20  mMg-1  PUA,  (d) 
0.40  mM  g-1  PUA  and  (e)  0.50  mM  g-1  PUA.  (B)  Variation  of  soft  segment  and 
hard  segment  Tg  of  PUA  with  salt  concentration. 


the  hydrocarbon  chains  of  HS,  but  not  involving  hydrogen  bond 
dissociation.  It  is  evident  from  the  date  in  Table  1  that  the  7„  of 
HS  tends  to  decrease  with  increase  in  salt  concentration  up  to 
[LiC104]  0.4  mM  g  1  PUA.  This  may  be  due  to  the  phase  mixing 
of  hard  and  soft  segments  in  PUA  in  the  presence  of  LiClO/t.  In 
the  presence  of  LiClO/p  the  crystalline  structure  of  PEG  in  doped 
PUA  may  be  disrupted  and  may  be  the  reason  for  the  absence 
of  the  peak  corresponding  to  crystalline  regions.  This  indicates 
that  doped  PUA  is  transformed  fully  into  the  amorphous  form 
by  addition  of  the  salt. 

Due  to  the  presence  of  different  coordination  sites  in  the  PUA 
system,  various  types  of  complexes  can  be  formed  by  the  inter¬ 
action  of  coordination  sites  with  Li+  ions.  Three  major  types 
of  interactions  can  be  distinguished  [16],  namely:  (i)  interac¬ 
tion  of  the  ether  oxygen  with  Li+  ions,  as  mentioned  earlier, 
leading  to  the  formation  of  transient  cross-links  between  the 
polyether  chains  via  Li+  ions,  which  restrict  the  segmental 
motion;  (ii)  interaction  of  urethane  -NH  and  carbonyl  groups 
with  Li+  ions  to  give  inter-  or  intra-molecular  cross-linking;  (iii) 
mixed  ether-urethane  interactions  with  Li+  ions  leading  to  phase 
mixing  of  the  hard  and  soft  segments. 

Three  types  of  complexes  that  arise  out  of  the  above  three 
interactions  are  shown  in  Scheme  2.  The  formation  of  such 
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Scheme  2.  Interaction  of  Li+  ions  PUA. 


complexes  has  been  reported  earlier  for  composite  systems  such 
as  PEO-poly(vinyl  pyridine)-LiC104  [34]  and  PEO-poly(A,A- 
dimethyl  acrylamide)-LiC104  [35]. 

3.2.  FT-IR  spectroscopy 

FT-IR  spectroscopy  has  been  conducted  at  ambient  tempera¬ 
ture  to  examine  the  effects  of  alkali  metal  salt  concentration  on 
the  interaction  of  Li+  ions  with  groups  in  the  PUA.  One  typical 
spectrum  of  undoped  PUA  is  shown  in  Fig.  2.  In  order  to  gain 
an  insight  into  the  effect  of  Li+  ions  on  the  H-bonding  interac- 
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tions  of  the  hard  and  soft  segments,  three  regions  of  the  FT-IR 
spectrum  have  been  chosen,  namely: 

(1)  4000-3000  cm-1,  the  region  for  free  and  H-bonded  -NH 
stretching  modes; 

(2)  1 800- 1 600  cm- 1 ,  the  region  for  urethane  carbonyl  symmet¬ 
ric  stretching  vibrations; 

(3)  1200-1 100cm-1,  the  region  for  C-O-C  stretching  of  PEG, 
C(0)-0-C  stretching  of  the  hard  segment  and  C(0)-0-C 
stretching  of  the  acrylate  group. 

3.2.1.  4000-3000  cm~J  region 

The  -NH  stretching  region  of  the  FT-IR  spectra  is  char¬ 
acterized  by  four  modes  of  vibrations  [36].  The  relative  IR 
absorbance  in  the  -NH  stretching  region  for  undoped  PUA  and 
PUA  doped  with  0.4  mM  LiCICU  g-1  PUA  is  shown  in  Fig.  3. 
The  inset  shows  the  deconvolution  of  the  -NH  stretching  region 
for  undoped  PUA  and  the  results  are  given  in  Table  2.  Four  IR 
regions  have  been  examined  from  the  Fig.  3  (inset)  and  assigned 
[33,36],  viz., 

(i)  3587  cm-1,  the  peak  in  the  region  includes  the  free  -NH 
and  hydrogen-bonded  -NH  stretching  vibrations; 

(ii)  3574  cm-1,  the  peak  in  the  region  includes  the  overtones 
of  the  carbonyl  group; 

(iii)  3505  cm-1,  the  peak  in  the  region  includes  the  H-bonded 
-NH  stretching  formed  with  the  carbonyl  group; 

(iv)  3396  cm-1,  the  peak  in  the  region  includes  the  H-bonded 
-NH  stretching  formed  with  the  ether  oxygen. 

An  examination  of  the  data  in  Table  2  indicates  that  all  the 
peaks  undergo  a  shift  towards  lower  frequency  when  doped  with 


Fig.  3.  Relative  IR  absorbance  in  -NH  stretching  region  for  undoped  PUA  and  a 
PUA  doped  with  0.4  mM  LiClC>4  g-1  PUA  (inset  shows  deconvolution  of  -NH 
stretching  region  for  undoped  PUA). 

UCIO4.  This  feature  is  due  to  the  possible  interactions  of  Li+ 
ions  with  the  different  coordination  sites  of  PUA,  as  shown  in 
Scheme  3.  The  shifting  of  the  free  -NH  band  position  to  the 
lower  frequency  in  the  presence  of  LiC104  may  be  attributed 
to  coordination  of  Li+  ions  to  the  nitrogen  atoms  of  the  free 
-NH  groups  (Scheme  3(a)).  The  two  H-bonded  peaks  also  move 
towards  lower  frequency  after  the  addition  of  LiClOzt.  Shifting 
of  the  H-bonded  -NH  band  positions  to  lower  frequency  can  be 
explained  by  Schemes  3(b)  and  (c).  The  respective  peak  areas 
for  all  the  -NH  bands  are  given  in  Table  2.  The  peak  areas  are 
normalized  against  the  total  -NH  band  area.  As  the  absorptiv- 


Table  2 

Deconvolution  data  of  FT-IR  spectra  of  PUA  in  -NH  stretching  region 


Sample 

LiC104  (mM  g-1  PUA) 

Peak  positions  (cm  1 ) 

Percent  area2 

1 

2 

3 

4 

1 

2 

3 

4 

0 

0.00 

3587 

3574 

3505 

3396 

11.2 

28.4 

35.1 

25.3 

A 

0.10 

3554 

3548 

3472 

3341 

16.5 

25.2 

37.3 

21.1 

B 

0.15 

3536 

3520 

3454 

3290 

28.3 

20.5 

38.7 

12.5 

C 

0.20 

3514 

3501 

3421 

3212 

30.6 

15.6 

42.3 

10.9 

D 

0.40 

3495 

3483 

3400 

3180 

31.9 

14.1 

45.8 

8.2 

Peak  1,  free  -NH  bonding;  peak  2,  overtone  of  C=0;  peak  3,  hard-hard  segment  H-bonding;  peak  4,  hard-soft  segment  H-bonding. 
a  Peak  areas  are  based  on  total  -NH  stretching  band  area. 
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Scheme  3.  Interaction  of  Li+  ions  to  -NH  group  of  PUA. 
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Wavenumbers  (cm-1) 

Fig.  4.  Relative  IR  absorbance  in  C=0  stretch  region  for  undoped  PUA  and  a 
PUA  doped  with  0.4  mM  LiClC>4  g~  1  PUA  (inset  shows  deconvolution  of  C=0 
stretching  region  for  undoped  PUA). 

ity  coefficient  of  -NH  groups  in  a  TPU  is  reported  [37,38]  to 
be  a  strong  function  of  strength  of  the  H-bonds  and  the  band 
frequency,  quantitative  measurement  of  the  free  and  H-bonded 
-NH  groups  is  not  possible  from  the  peak  area  values.  Nev¬ 
ertheless,  a  qualitative  assessment  can  be  made  of  the  relative 
extent  of  interaction  of  Li+  ions  with  the  hard  and  soft  segments 
[39].  It  is  evident  from  the  area  values  that  the  extent  of  -NH 
groups  H-bonded  to  the  ether  oxygen  is  more  in  the  absence  of 
Li  salt  (Table  2).  In  the  presence  of  Li  salt,  the  number  of  -NH 
groups  H-bonded  to  the  carbonyl  oxygen  becomes  higher.  With 
the  addition  of  salt,  the  Li+  ions  preferentially  coordinate  to  the 
easily  accessible  ether  groups  and  hence  reduced  the  extent  of 
-NH  groups  that  are  hydrogen  bonded  to  ether  groups. 

3.2.2.  1800-1600  cm-1  region 

The  relative  IR  absorbance  in  the  carbonyl  stretching  region 
for  undoped  PUA  and  PUA  doped  with  0.4  mM  LiCICLg-1 
PUA  is  shown  in  Fig.  4.  The  inset  shows  the  deconvolution  of 
the  carbonyl  stretching  region  for  undoped  PUA  and  the  results 
are  given  in  Table  3.  The  deconvoluted  FT-IR  spectra  of  the 
undoped  and  the  doped  samples  are  used  to  obtain  the  per¬ 
cent  areas  (Table  3)  for  the  carbonyl  stretching  vibrations.  Three 
modes  of  vibration  are  visualized,  i.e.,  the  free  or  non-H-bonded 


Table  3 

Deconvolution  data  of  FT-IR  spectra  of  PUA  in  C=0  stretching  region 


Sample 

LiC104 
(mM  g_1 
PUA) 

Peak  positions  (cm 

‘) 

Percent  areaa 

i 

2 

3 

i 

2 

3 

0 

0.00 

1725 

1695 

1662 

34.3 

35.3 

30.4 

1 

0.10 

1722 

1692 

1668 

32.2 

33.1 

34.5 

2 

0.15 

1719 

1687 

1672 

28.1 

30.3 

41.6 

3 

0.20 

1715 

1685 

1676 

25.7 

28.2 

46.1 

4 

0.40 

1710 

1704 

1680 

21.3 

26.4 

52.2 

Peak  1,  free  carbonyl;  peak  2,  disordered  H-bonded  carbonyl;  peak  3,  ordered 
H-bonded  carbonyl. 

3  Peak  areas  are  based  on  total  C=0  stretching  band  area. 


C=0  ( 1 725-1 7 1 0  cm-  1 )  and  two  stretching  vibrations  asso¬ 
ciated  with  disordered  (1695  cm-1)  and  ordered  (1662  cm-1) 
H-bonded  C=0  [40].  It  is  apparent  from  Table  3  that  the  three 
peaks  are  shifted  to  lower  frequency  by  the  addition  of  Li  salt. 
This  may  be  attributed  to  the  coordination  of  electron  deficient 
Li+  ions  with  carbonyl  oxygen  atoms,  which  weakens  the  C=0 
bond  by  sharing  the  electron  density  of  the  carbonyl  oxygen 
atoms. 

3.2.3.  1200-1000  cm-1  region 

The  relative  IR  absorbance  in  the  ether  stretching  region  for 
undoped  PUA  and  PUA  doped  with  0.4  mM  LiCICL  g- 1  PUA 
is  presented  in  the  Fig.  5  and  the  results  are  given  in  Table  4. 


Fig.  5.  Relative  IR  absorbance  in  ether  stretching  region  for  undoped  PUA  and 
a  PUA  doped  with  0.4  mM  LiClC>4  g-1  PUA. 


Table  4 

Deconvolution  data  of  FT-IR  spectra  of  PUA  in  ether  stretching  region 


Sample 

LiC104  (mMg-1  PUA) 

Peak  positions  (cm  1 ) 

Percent  area3 

i 

2 

3 

4 

i 

2 

3 

4 

0 

0.00 

1100 

1090 

1045 

1010 

22.2 

32.5 

35.2 

9.7 

a 

0.10 

1102 

1085 

1039 

1005 

25.3 

27.9 

40.8 

5.8 

b 

0.15 

1101 

1079 

1035 

1001 

32.5 

26.8 

37.5 

3.2 

c 

0.20 

1100 

1075 

1031 

998 

41.5 

20.2 

35.2 

2.8 

d 

0.40 

1098 

1071 

1050 

995 

49.2 

18.6 

31.1 

1.1 

Peak  1,  C(0)-0-C  stretch  of  the  acrylate;  peak  2,  C-O-C  stretch  of  PEG;  peak  3,  C(0)-0-C  stretch  of  the  urethane;  peak  4:  H-bonded  C-O-C  stretch  of  PEG. 
a  Peak  areas  are  based  on  total  ether  stretching  band  area. 
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The  deconvoluted  FT-IR  spectra  of  the  undoped  and  doped  PUA 
samples  show  four  characteristic  vibrational  modes  (Table  4), 
namely: 

(1)  the  peak  at  1 100-1098  cm^1  is  assigned  to  C(0)-0-C 
stretching  of  the  acrylate  groups  [39] 

(2)  the  second  peak  at  1090-1071  cm-1  is  assigned  to  the 
C-O-C  stretching  of  PEG 

(3)  the  peak  at  1 045  cm“ 1  is  due  to  C(0)-0-C  stretching  of  the 
urethane  groups 

(4)  the  fourth  peak  at  1010-995  cm-1  is  assigned  to  H-bonded 
C-O-C  stretching  of  PEG  [40]. 

The  data  in  Table  4  show  that  there  is  no  obvious  change  in 
the  position  of  the  acrylate  C(0)-0-C  stretching  band  on  adding 
lithium  salt.  The  bands  of  C(0)-0-C  and  C-O-C  stretching  of 
the  urethane  groups  experience  only  a  marginal  shift  to  lower 
frequencies  on  the  addition  of  lithium  ions.  A  comparison  of  the 
percent  area  (Table  4)  reveals  that  on  adding  the  salt,  some  of 
the  H-bonded  C-O-C  groups  become  free.  This  may  be  due  to 
the  interaction  of  Li+  ions  with  the  ether  oxygen  leading  to  a 
decrease  in  the  electron  density  of  this  oxygen  and  in  its  ability 
to  form  H-bonds.  All  these  observations  indicate  that  the  intro¬ 
duction  of  Li  salt  into  PUA  results  in  various  types  of  interaction 
that  cause  a  change  in  the  microstructure  of  the  polymer. 

3.3.  Ionic  conductivity 

Cross-linking  of  the  polymer  electrolyte  is  expected  to  result 
in  better  mechanical  stability,  a  lower  degree  of  crystallinity,  and 
a  lower  Tg  and  thus  higher  ionic  conductivity  [41].  The  ionic 
conductivity  of  a  polymer  electrolyte  depends  on  the  effective 
number  of  carrier  ions  and  the  ion  mobility.  The  effective  num¬ 
ber  of  carrier  ions  is  related  to  the  concentration  of  the  dissolved 
ions.  The  ion  mobility  in  a  polymer  electrolyte  formed  by  the 
dissolution  of  ions  in  the  polymer  is  facilitated  by  the  segment 
mobility  of  the  polymer  chains.  Values  of  the  ionic  conductiv¬ 
ity  obtained  from  a.c.  impedance  measurements  are  given  in 
Fig.  6(A)  as  a  function  of  LiC104  concentration.  An  increase  in 
conductivity  with  salt  concentration  is  observed  and  a  maximum 
conductivity  (0.75  x  10-5  S  cm-1  at  35  °C)  is  obtained  at  a  salt 
concentration  of  [LiC104]  0.4  mMg-1  PUA. 

Generally,  conductivity  increases  with  salt  concentration. 
In  the  case  of  PUA,  however,  the  conductivity  increases 
rapidly  with  salt  concentration,  reaches  a  maximum  at  [LiC104] 
0.4  mM  g-1  PUA,  and  thereafter  decreases.  This  may  be  due  to 
the  interaction  of  two  opposite  effects,  namely,  an  increase  in 
the  number  of  charge  carriers  [42]  and  a  decrease  in  the  free 
volume  [43,44],  The  number  of  charge  carriers  is  increased  as 
the  concentration  of  salt  is  increased.  On  the  other  hand,  the 
average  free-volume  is  decreased  due  to  the  increase  in  Tg  (as 
a  result  of  the  interaction  of  Li+  ions  with  the  ether  oxygen). 
At  a  low  concentration  of  salt,  the  increase  in  the  number  of 
charge  carriers  dominates,  whereas  at  a  high  salt  concentration, 
the  reduction  in  free-volume  takes  precedence  [45].  When  the 
salt  concentration  reaches  [LiC104]  0.4  mM  g  1  PUA  or  more, 
the  decrease  in  free-volume  becomes  more  pronounced  than  the 
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Fig.  6.  (A)  Variation  of  conductivity  of  PUA  electrolyte  with  LiClOg  concentra¬ 
tion  at  35  °C.  (B)  Temperature  dependence  of  ionic  conductivity  of  PUA  doped 
with  different  amount  of  LiCKX).  (a)  O.lOmM  g  1  PUA,  (b)  0.15  mM  g'  1  PUA, 
(c)  0.20 mMg"1  PUA,  (d)  0.40 mMg-1  PUA,  (e)  0.50 mMg-1  PUA  and  (f) 
0.75  mM  g-1  PUA. 

increase  in  number  of  charge  carriers.  At  this  stage,  the  lower 
fraction  of  free-volume  is  no  longer  compensated  by  the  con¬ 
tinuous  increase  in  the  number  of  charge  carriers.  As  a  result 
of  which,  the  conductivity  is  decreased  with  increase  in  salt 
concentration  at  a  high  salt  concentration  level.  Additionally,  at 
such  salt  concentrations  a  considerable  amount  of  salt  remains 
as  ion-pairs,  that  do  not  contribute  to  the  conductivity  of  the 
electrolyte. 

The  ionic  conductivity  for  various  concentrations  of  LiC104 
are  plotted  against  the  reciprocal  of  the  temperature  in  Fig.  6(B). 
The  PUA  follows  the  Arrhenius  relationship  for  ion  transport. 
The  data  indicate  that  sample  d  ([LiC104]  0.4 mMg-1  PUA) 
has  the  highest  conductivity  at  all  the  temperatures  examined. 
This  is  due  to  higher  number  of  charge  carriers  at  higher  salt 
concentrations.  The  lower  value  of  samples  e  and  f  compared 
is  ascribed  to  the  increased  ion-pair  formation  with  increase  in 
salt  concentration.  This  observation  is  consistent  with  the  results 
from  DSC  studies  (Table  1). 

3.4.  Cyclic  voltammetry  studies 

Cyclic  voltammetry  was  performed  to  study  the  kinetics  of 
the  lithium  deposition-stripping  process  of  the  PUA  electrolyte. 
Repetitive  cyclic  voltammograms  for  a  Li/PE/SS  cell  using  PUA 
at  ambient  temperature  are  shown  in  Fig.  7.  The  sweep  rate  was 
as  5  mV  s_1 .  The  trend  of  the  voltammetric  curves  indicates  that 
the  process  at  the  lithium  interface  is  reversible  in  the  PUA  elec- 
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Fig.  7.  Cyclic  voltammograms  of  PUA.  Scan  rate,  5  mV  s  1 . 


trolyte  medium.  The  cycleability  is  good  and  the  recovery  of 
lithium  is  high.  On  sweeping  towards  more  negative  potentials, 
a  peak  is  observed  at  — 0.35  V  versus  Li  and  corresponds  to 
the  deposition  of  lithium  on  the  SS  electrode.  On  the  reverse 
scan,  stripping  of  lithium  from  the  SS  electrode  is  observed  at 
~0.52  V.  Although  the  process  remains  reversible  on  cycling, 
the  amount  of  cycled  lithium  decreases  progressively.  This  phe¬ 
nomenon  may  be  attributed  to  the  formation  of  a  passive  layer 
on  the  SS  electrode,  that  is  phenomenologically  similar  to  those 
commonly  experienced  in  liquid  organic  electrolytes.  The  for¬ 
mation  of  a  passive  layer  is  also  confirmed  by  the  impedance 
response  of  the  lithium  electrode  in  polymer  electrolytic  media. 
The  reversible  process  in  the  electrolyte  membrane  demonstrates 
that  the  cross-linked  PUA  system  is  electrochemically  stable  and 
hence  can  be  safely  used  as  a  polymer  electrolyte  in  rechargeable 
lithium  batteries. 

3.5.  Transport  number 

The  transport  number  of  an  electrolyte  is  an  important  index 
of  its  conductive  behaviour.  Since  the  electrochemical  process  in 
lithium  batteries  involves  the  intercalation  and  de-intercalation 
of  lithium  cations  throughout  the  host  compound  lattice,  a 
solid  polymer  electrolyte  with  a  cation  transference  number  (4) 
approaching  unity  is  desirable  for  avoiding  a  concentration  gra¬ 
dient  during  repeated  charge-discharge  cycles.  Thus,  evaluation 
of  the  4  is  of  great  importance  for  the  characterization  of  poly¬ 
mer  electrolytes. 

The  impedance  response  of  a  Li/PUA/Li  cell,  inset  of  Fig.  8, 
was  monitored  both  initially  and  under  steady-state  current  con¬ 
ditions.  The  observed  decrease  in  current  (Fig.  8)  may  be  due 
to  the  formation  of  passivating  layers  on  the  electrode  [46].  The 
current  response  is  completely  stabilized  after  2  h.  The  4  value 
of  the  PUA  is  0.52. 

The  reported  4  values  for  dry  polymer  electrolytes  range 
from  0.06  to  0.2  [47].  For  gel  polymer  systems,  4  values  of  the 


Fig.  8.  Current  relaxation  plot  for  transport  number  measurement  of  PUA  (inset: 
complex  impedance  plot:  initial  resistance  and  steady-state  resistance  measured 
before  and  after  current  transient). 

order  0.4-0. 5  have  been  reported  for  poly(bis  methoxy  ethoxy 
ethoxy)  phosphazene  [48]  and  a  value  =  0.56  for  PEO-PMMA 
systems  [49].  The  value  of  0.52  found  in  this  study  is  lower 
than  that  of  a  PAN-based  (0.6-0. 8)  [50]  or  a  PMMA-based  gel 
electrolyte  (0.5-0. 7)  [51].  Nevertheless,  the  4  of  about  0.52  for 
PUA  systems  is  acceptable  for  a  solid  polymer  electrolyte. 

3.6.  Impedance  spectra 

The  impedance  spectra  of  a  Li/PUA/Li  cell  at  various  times 
are  exhibited  in  Fig.  9.  As  is  well  known,  the  resistance  of  a 
cell  system  is  composed  of  the  bulk  resistance  R\,  and  interfacial 
resistance  R, .  The  latter  reflects  the  interfacial  situation  between 
the  electrolyte  and  the  electrode.  If  the  electrolyte  reacts  with 
the  electrode,  Rt  will  increase  rapidly  with  time.  All  the  curves 
in  Fig.  9  are  similar  in  shape  with  arcs  in  the  high-frequency 
region  and  straight  lines  in  the  low-frequency  region.  In  the  very 
low-frequency  region,  the  diffusion  of  active  species  determines 
the  impedance  response.  This  is  due  to  charging  of  the  double¬ 
layer  during  potential  oscillation  with  charge  transfer  between 
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Fig.  9.  Nyquist  plot  for  cell  with  PUA  as  polymer  electrolyte  measured  at  differ¬ 
ent  periods  (inset:  interfacial  resistance  behaviour  of  PUA  at  different  periods). 
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the  electrode  surface  and  the  electrolyte.  As  a  consequence,  a 
straight  line  is  obtained  in  the  Nyquist  plot,  this  is  the  so-called 
‘Warburg  diffusion  impedance’ .  With  increasing  frequency,  the 
charge-transfer  reaction  during  potential  oscillation  decreases 
so  that  the  influence  of  the  diffusion  of  active  species  on  the 
impedance  response  decreases. 

It  is  inferred  from  the  impedance  plots  in  Fig.  9  that  the  diam¬ 
eter  of  the  semicircle  increases  as  a  function  of  time.  This  can  be 
attributed  to  the  growth  of  a  passivating  film  on  the  lithium  sur¬ 
face.  It  is  evident  from  Fig.  9  (inset)  that  the  R,  values  increase 
sharply  to  6.5  kf2  during  first  2  days  and  then  show  a  slow 
increase  with  storage  time.  A  value  of  10.8  is  reached  after 
storing  for  more  than  22  days.  The  continuous  increase  can  be 
attributed  to  the  role  of  the  acrylate  in  PU  towards  stability.  Acry¬ 
late  can  impart  good  adhesiveness  to  solid  electrolytes  and  can 
make  them  stable  in  atmospheric  moisture  conditions  [52,53]. 
In  this  case,  acrylate  helps  to  reduce  the  effect  of  moisture  on 
the  electrolyte  and  to  retard  the  growth  of  a  passivation  film 
between  the  electrolyte  and  the  lithium  electrode.  It  is  obvious 
from  the  impedance  results  that  the  PUA  electrolyte  exhibits 
good  compatibility  with  lithium  metal. 

3. 7.  Electrochemical  stability 

The  electrochemical  stability  window  of  a  solid  polymer  elec¬ 
trolyte  is  generally  determined  by  linear  sweep  voltammetry  of 
an  inert  electrode  in  the  selected  electrolyte  [54],  The  onset  of 
current  at  a  high  positive  voltage  is  assumed  to  result  from  a 
decomposition  process  associated  with  the  electrode  [55]  and 
this  onset  voltage  is  taken  as  the  upper  limit  of  the  electrolyte 
stability  range.  This  voltage  is  generally  located  at  the  point  of 
intersection  of  the  extrapolated  linear  current  in  the  high-voltage 
region  with  the  voltage  axis. 

To  ascertain  the  electrochemical  stability  potential  window 
for  the  PUA  electrolyte,  LSV  was  performed  on  a  laminated 
electrode  cell  at  ambient  temperature.  The  potential  was  scanned 
from  1 .0  to  6.0  V  (versus  Li/Li+)  at  a  sweep  rate  of  5  mV  s_  1 .  The 
current-voltage  curve  of  the  PUA  electrolyte  cell  is  presented  in 
Fig.  10.  Two  important  features  can  be  recognized  from  the  trend 
of  this  curve.  First,  the  current  onset  occurs  at  5.35  V  versus  Li, 
which  suggests  that  the  electrolyte  has  a  high  anodic  stability. 
The  second  notable  feature  is  the  very  low  current  (0.5  p.A  cm-2) 
prior  to  the  onset  of  anodic  breakdown.  Above  this  cell  voltage, 
the  current  increases  steeply  as  the  applied  voltage  is  increased. 
This  low  residual  current  level  up  to  5.35  V  with  the  absence  of 
any  peaks  in  the  low  voltage  range  confirms  the  high  purity  of 
the  electrolyte.  In  particular,  it  is  important  to  note  that  no  peak 
is  observed  at  4.25  V  versus  Li,  namely,  at  the  voltage  expected 
for  the  oxidation  of  water  or  any  impurities  [56]. 

3.8.  Mechanical  property 

The  stress-strain  curve  (Fig.  11)  provides  information  on  the 
mechanical  properties  of  the  PUA  polymer  electrolyte.  For  the 
comparative  purposes,  a  PU  electrolyte  was  synthesized  and 
its  mechanical  properties  determined.  The  strain  of  the  elec¬ 
trolyte  films  varies  markedly  between  the  two  electrolytes.  A 


Fig.  10.  Electrochemical  stability  of  PUA  performed  by  linear  sweep  voltam¬ 
metry. 

tensile  strength  (stress)  as  high  as  4  x  103  kPa  at  an  elongation- 
at-break  value  (strain)  of  45%  is  observed  of  for  the  PU-based 
electrolyte,  whereas  a  strain  of  65%  was  noticed  for  the  PUA- 
based  electrolyte.  The  high  elastic  property  of  the  PUA-based 
polymer  electrolytes  compared  with  its  parent  PU  electrolyte  is 
attributed  to  the  chemically  cross-linked  network  structure  in  the 
PUA  electrolyte. 

3.9.  Thermal  analysis 

Typical  TG  curves  for  undoped  and  doped  PUA  electrolytes 
are  shown  in  Fig.  12.  The  pure  polymer  decomposes  in  a  single 
step  beginning  at  410  °C.  The  introduction  of  the  salt  promotes 
the  decomposition  of  the  PUA.  The  decreasing  trend  in  the  initial 
decomposition  temperature  (7d)  for  the  samples  with  increas¬ 
ing  LiCICU  concentration  is  shown  in  the  inset  of  Fig.  12.  This 
behaviour  may  be  explained  on  the  basis  of  weakening  of  the 
C=0  bond  that  is  due  to  the  decrease  in  electron  density  due  to 
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Fig.  12.  Thermograms  of  PUA  containing  different  amount  of  LiClC>4  con¬ 
centrations.  (a)  Undoped  PUA,  (b)  O.lOmM  LiC104g_1  PUA,  (c)  0.15 rnM 
LiC104  g"1  PUA,  (d)  0.20  mM  LiC104  g"1  PUA  and  (e)  0.40  rnM  LiC104  g^1 
PUA  (inset:  plot  of  decomposition  temperature  (Tf)  vs.  LiC104  concentration). 

the  interaction  of  Li+  ions  with  the  oxygen  atoms  [23].  Alter¬ 
natively,  perchlorate  oxidation  of  the  PEG  phase  can  cause  this 
thermal  event  starting  from  ~400  °C.  The  observed  trend  in  ther¬ 
mal  transitions  at  higher  LiCKTt  concentration  may  arise  from 
predominant  oxidation  of  perchlorate. 

3.10.  Gel  electrolytes 

PUA  can  take  up  liquid  plasticizer  (LP-20)  to  different  extents 
with  time  of  contact  between  the  polymer  film  and  the  plasti¬ 
cizer.  The  dimensional  stability  of  the  aforementioned  gelati¬ 
nous  electrolyte  is  found  to  be  very  good  for  practical  use. 
Generally,  a  plasticizer  hinders  the  degree  of  crystallization  of 
the  polyurethane,  and  thus  reduces  the  energy  barrier  for  trans¬ 
portation  of  carrier  ions  and  enhances  the  corresponding  ionic 
conductivity.  As  the  conductivity  of  PUA  electrolytes  was  still 
on  the  lower  side,  gel  polymer  electrolytes  (GPEs)  were  prepared 
to  increase  the  conductivity  by  increasing  the  liquid  electrolyte 
content.  The  GPEs  were  prepared  via  the  dipping  of  dry  poly¬ 
mer  films  into  a  commercial  liquid  electrolyte  (LP-20).  Swelling 
was  continued  until  the  swollen  percentage  reached  the  required 
value. 

The  temperature  dependence  of  the  conductivity  of  a  gelati¬ 
nous  electrolyte  of  PUA  is  presented  in  Fig.  13(A).  The 
gel  electrolyte  are  found  to  follow  an  Arrhenius  relation¬ 
ship.  The  conductivity  of  the  gelled  PUA  at  30  °C  is  about 
0.75  x  10-4  S  cm-1 .  A  comparison  of  the  conductivities  of  the 
parent  PUA  and  the  gelled  PUA  with  equivalent  concentra¬ 
tions  of  the  LiC104  reveals  that  the  difference  in  conductivity  is 
1  decade.  The  improvement  in  conductivity  given  by  the  matrix 
polymer  domains  may  be  low  in  comparison  with  that  given  by 
the  plasticizer-rich  domains.  An  enhancement  in  the  number  of 
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Fig.  13.  (A)  Temperature  dependence  of  ionic  conductivity  of  gelled  PUA. 
(B)  Charge-discharge  performance  of  Li/PE(PUA)/LiCo02  and  Li/(PUA- 
Gel)/LiCo02- 

charge  carriers  is  expected  because  of  the  solvation  of  some  of 
the  Li+  ions  by  the  matrix  polymer. 

3.11.  Charge-discharge  cycling  tests 

In  order  to  investigate  the  utility  of  the  PUA-based  polymer 
electrolyte  in  a  lithium-ion  polymer  battery,  a  cell  was  assembled 
with  lithium  metal  as  the  anode  and  LiCo02  as  the  cathode.  The 
theoretical  capacity  of  the  LiCo02  electrode  is  120mAhg_1. 
A  cycling  test  was  performed  at  the  C/10  rate  and  with  cut-off 
voltages  of  4.2  and  2.6  V  for  the  upper  and  lower  limits.  The 
depth-of-discharge  was  restricted  to  ~120mAhg“1  of  LiCo02 
in  order  to  provide  a  high  cycling  performance. 

The  charge-discharge  performance  of  Li/PUA/LiCo02  and 
Li/(PUA-Gel)/LiCo02  cells  on  the  first  cycle  is  shown  in 
Fig.  13(B).  The  cells  achieve  a  capacity  of  1 12  mAh  g  1 .  Com¬ 
parison  of  the  discharge  curves  for  both  electrolytes  reveals  that 
the  capacity  of  PUA  electrolyte  is  slightly  lower  than  that  of 
gel  electrolyte.  The  reduced  capacity  is  due  to  the  lower  dif¬ 
fusion  rate  of  lithium  ions  in  PUA  as  compared  with  its  gel 
electrolyte. 
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4.  Conclusions 

A  cross-linked  PUA  is  synthesized  by  end-capping  HDI  and 
PEG-based  prepolymer  with  HBMA.  The  formation  of  tran¬ 
sient  cross-links  with  the  ether  oxygen  of  the  soft  segment  and 
the  mixing  of  soft  and  hard  phases  induced  by  the  Li+  ions  are 
evident  from  DSC  measurements.  Also,  the  results  from  FT-IR 
spectroscopy  and  TGA  measurements  support  the  formation  of 
different  types  of  complexes  by  the  interaction  of  Li+  ions  with 
different  coordination  sites  of  PUA.  The  PUA  systems  follow  an 
Arrhenius  relationship  for  ion  transport  and  this  implies  that  ion 
movement  occurs  by  an  activated  hopping  mechanism.  Predom¬ 
inant  formation  of  contact  ion-pairs  of  LiC104  is  observed  by 
means  of  a.c.  conductivity  and  DSC  measurements.  The  PUA 
shows  electrochemical  stability  up  to  5.35  V  versus  Li/Li+  and 
posseses  better  compatibility  with  lithium  metal  as  inferred  from 
impedance  measurements.  Addition  of  HBMA  to  the  PU  matrix 
improves  the  tensile  strength  of  the  cross-linked  PUA.  Swelling 
measurements  of  PUA  with  plasticizer  show  better  dimensional 
stability.  The  conductivity  of  gelled  PUA  at  30  °C  is  about 
0.75  x  10_4Scm_1.  Also,  a  cell  is  constructed  using  PUA  as 
electrolyte  and  its  performance  is  assessed. 
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